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        Introduction 
  Salmonella enterica   serovar  typhimurium   ( S  . Typhimurium) is a 
facultative intracellular pathogen that can cause disease in a vari-
ety of hosts (  Tsolis et al., 1999  ). These bacteria have the ability to 
invade host cells and grow intracellularly (  Knodler and Steele-
Mortimer, 2003  ).   S .   typhimurium   establish a niche in host cells 
known as   Salmonella  -containing vacuoles (SCVs). The ability of 
  S .   typhimurium   to modulate SCV traffi  cking is essential for its 
virulence, but the underlying molecular mechanisms are in-
completely understood (  Brumell and Grinstein, 2004  ). 
  S.    typhimurium   manipulates many aspects of host cell 
physiology through a special class of virulence factors known 
as effectors. These proteins are translocated directly into host 
cells via type III secretion systems (T3SSs), needle-like appa-
rati on the bacterial surface (  Galan and Wolf-Watz, 2006  ). 
  S .   typhimurium   is endowed with two separate T3SSs encoded on 
  Salmonella   pathogenicity island (SPI)-1 and SPI-2 of the bacte-
rial chromosome (  Schlumberger and Hardt, 2006  ). The SPI-1  –
  encoded T3SS delivers effectors across the host cell plasma 
membrane during invasion. These initiate actin rearrangements 
by activating Rho family GTPases or by directly interacting with 
actin (  Schlumberger and Hardt, 2006  ). Modulation of phosphoino-
sitide signaling also plays a key role in   S .   typhimurium   invasion 
(  Drecktrah et al., 2004  ;   Hilbi, 2006  ). Expression of the SPI-2 
T3SS is stimulated several hours after invasion and allows intra-
cellular survival and growth of the bacteria (  Schlumberger and 
Hardt, 2006  ). 
    S
almonella   colonizes a vacuolar niche in host cells 
during infection. Maturation of the   Salmonella  -
containing vacuole (SCV) involves the formation 
of phosphatidylinositol 3-phosphate (PI(3)P) on its outer 
leaﬂ  et. SopB, a bacterial virulence factor with phosphoinosi-
tide phosphatase activity, was proposed to generate PI(3)P 
by dephosphorylating PI(3,4)P2, PI(3,5)P2, and PI(3,4,5)P3. 
Here, we examine the mechanism of PI(3)P formation 
during   Salmonella   infection. SopB is required to form 
PI(3,4)P2/PI(3,4,5)P3 at invasion rufﬂ  es and PI(3)P on 
nascent SCVs. However, we uncouple these events ex-
perimentally and reveal that SopB does not dephosphory-
late PI(3,4)P2/PI(3,4,5)P3 to produce PI(3)P. Instead, the 
phosphatase activity of SopB is required for Rab5 recruit-
ment to the SCV. Vps34, a PI3-kinase that associates with 
active Rab5, is responsible for PI(3)P formation on SCVs. 
Therefore, SopB mediates PI(3)P production on the SCV 
indirectly through recruitment of Rab5 and its effector 
Vps34. These ﬁ  ndings reveal a link between phosphoinos-
itide phosphatase activity and the recruitment of Rab5 
to phagosomes.
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infection were examined by time-lapse confocal fl  uorescence 
microscopy of live cells. 
 The  PI(3)P-specifi  c 2FYVE-GFP probe labeled SCVs con-
taining WT   S.    typhimurium   (  Fig. 1 A   and Video 1, available at 
http://www.jcb.org/cgi/content/full/jcb.200804131/DC1) immedi-
ately after bacterial entry, which is consistent with previous fi  nd-
ings (  Pattni et al., 2001  ;   Scott et al., 2002  ;   Hernandez et al., 2004  ). 
[ID]FIG1[/ID]  
PI(3)P persisted on the SCV for   1 – 5 min. However, the 2FYVE-
GFP probe was not detected in the ruffl  ing areas of the plasma 
membrane where invasion occurred. Cells infected with the   sopB  
mutant did not display recruitment of 2FYVE-GFP to the SCV at 
any time (  Fig. 1, B and D  ; and Video 2). Similar results were seen 
with phox homology (PX) – GFP, a different probe for PI(3)P ( Scott 
et al., 2002  ; unpublished data). To simultaneously examine the 
production of PI(3)P and of its putative precursors, PI(3,4)P  2  
and/or PI(3,4,5)P  3  , during invasion, cells were cotransfected with 
2FYVE-GFP and PH(Akt)-RFP. As shown in   Fig. 1 C  , PH(Akt)-
RFP was recruited exclusively to invasion ruffl  es that project from 
the plasma membrane at the site of bacterial entry during infection 
but not to nascent SCVs. Conversely, 2FYVE-GFP was found 
only on newly formed vacuoles where PH(Akt)-RFP was absent. 
Analysis of the dynamics of both signaling events, which is pre-
sented in Video 3, revealed that PI(3,4)P  2   and/or  PI(3,4,5)P 3   was 
present at invasion ruffl  es before PI(3)P became apparent at the 
SCV. Jointly, these fi  ndings are consistent with the notion intro-
duced by   Hernandez et al. (2004)   that PI(3)P accumulation on 
SCVs derives from the dephosphorylation of PI(3,4)P  2   and/or 
PI(3,4,5)P  3   and that SopB is required for this conversion. 
 In further support of their hypothesis,  Hernandez et al. (2004)  
analyzed the lipid composition of infected cells by electrospray 
ionization mass spectrometry (ESI-MS). As anticipated, they 
demonstrated an increase in PI phosphate (PIP) at the expense 
of PI bisphosphate (PIP  2  ). Although powerful, ESI-MS cannot 
distinguish among the different isomers of PIP (i.e., PI(3)P, PI(4)P, 
and PI(5)P) or those of PIP  2  (PI(3,4)P 2 , PI(3,5)P 2 , and PI(4,5)P 2 ; 
  Wenk et al., 2003  ). To more directly identify the phosphoinosi-
tides altered by   S .   typhimurium  , we labeled HeLa cells metabol-
ically with [ 
3  H]inositol and analyzed the lipids extracted before 
and after infection by HPLC (see Materials and methods). 
The cells were infected with either WT or   sopB   mutant  bacte-
ria to assess the effects of the phosphatase. When considered 
jointly, the PIP isomers increased upon infection, although the 
change did not attain statistical signifi  cance in fi  ve experiments 
(  Fig. 1 E  ). In parallel, the PIP  2   species decreased signifi  cantly. 
Importantly, SopB was required to produce both changes. These 
data are in good agreement with the fi  ndings of   Hernandez et al. 
(2004)   and are, in principle, consistent with their hypothesis 
that PI(3)P is generated by dephosphorylation of polyphos-
phoinositides by SopB. It must be borne in mind, however, that 
their reported analysis by ESI-MS failed to single out PI(3)P as 
the species elevated in infected cells. 
 To more precisely defi  ne the lipid species affected by SopB, 
we separately analyzed the contribution of the individual PIP and 
PIP  2   isomers to the global changes reported in   Fig. 1 E  . The re-
sults of the more detailed analysis are summarized in   Fig. 2  . 
[ID]FIG2[/ID]  
The HPLC system we used was able to resolve PIP into two dis-
tinct and separately quantifi  able peaks: one containing PI(3)P and 
  In addition to its role in bacterial entry, recent studies sug-
gest that the SPI-1 T3SS also dictates the early intracellular traffi  c 
of the SCV. Accordingly, the intracellular growth of an SPI-1 T3SS – 
defective mutant was found to be impaired ( Steele-Mortimer et al., 
2002  ). Among the SPI-1 effectors, SopB (also called SigD) was 
found to play a role in SCV maturation (  Hernandez et al., 2004  ). 
SopB was shown to be required for the generation of phosphati-
dylinositol (PI) 3-phosphate (PI(3)P) on the SCV and to promote 
lysosomal-associated membrane protein-1 (LAMP-1) acquisition 
by this compartment (  Hernandez et al., 2004  ). A   sopB   deletion 
mutant had attenuated intracellular growth, implying that its role 
in SCV maturation is critical for the establishment of a replicative 
niche in host cells (  Hernandez et al., 2004  ). 
  In vitro SopB can hydrolyze a variety of inositol phos-
phates and phosphoinositides, including the PI3-kinase products 
PI(3,4)P  2 ,  PI(3,5)P 2  , and PI(3,4,5)P  3   (  Norris et al., 1998  ;   Marcus 
et al., 2001  ). However, the in vivo substrates of SopB remain un-
clear.   Hernandez et al. (2004)   have proposed that SopB generates 
PI(3)P on the SCV in a direct manner via the dephosphorylation 
of PI(3,4)P  2   and  PI(3,4,5)P 3  . These authors also proposed that 
the PI(3,5)P  2   phosphatase activity of SopB may affect the pro-
gression of SCVs down the endocytic pathway, preventing their 
fusion with lysosomes (  Hernandez et al., 2004  ). This model for 
the SopB-mediated generation of PI(3)P is in good accord with the 
broad in vitro substrate specifi  city reported for the phosphatase. 
However, other observations apparently confl  ict with such a model. 
First, SopB is required for the activation of Akt in   S .   typhimurium  –
  infected cells (  Steele-Mortimer et al., 2000  ). Akt is recruited 
to the membrane and activated, at least in part, by PI(3,4)P  2   and 
PI(3,4,5)P  3  , products of class I and II PI3-kinases (  Dummler and 
Hemmings, 2007  ). Dephosphorylation of PI3-kinase products 
should therefore inhibit Akt activation rather than promote it. 
Second, otherwise unstimulated cells have very low levels of 
PI(3,4)P  2   and PI(3,4,5)P  3  , and recent studies suggest that the main 
in vivo substrate of SopB is the much more abundant PI(4,5)P  2  
(  Terebiznik et al., 2002  ;   Mason et al., 2007  ). Thus, despite clear 
evidence that SopB contributes to   S .   typhimurium   invasion  and 
early SCV traffi  cking, the mechanisms by which it acts are not 
completely understood. Here, we examine in more detail the 
mechanism of PI(3)P formation by SopB. 
  Results 
  SopB is required for PI(3)P localization 
to SCVs and an elevation of cellular PI 
phosphate (PIP) 
  To investigate the localization of 3   -phosphorylated  phosphoinosi-
tides generated during   S.    typhimurium   infection, we used chimeras 
consisting of GFP or RFP fused to the phosphoinositide-
binding domains of various proteins. These included the pleck-
strin homology (PH) domain of Akt, which binds PI(3,4)P  2   and 
PI(3,4,5)P  3   (  Rong et al., 2001  ), and a construct with two tandem 
FYVE domains from the early endosome autoantigen 1, which 
binds PI(3)P (  Vieira et al., 2001  ). HeLa cells expressing the 
different phosphoinositide probes were infected with either 
wild type (WT) or an isogenic   sopb   deletion mutant of   S.    ty-
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cellular levels of PI(3,4,5)P  3   ( Fig.  2  E ).  Although  the  source  of 
this increase has not been identifi  ed, the model of   Hernandez 
et al. (2004)   posits that PI(3)P is generated by SopB-mediated 
dephosphorylation of PI(3,4)P  2   and/or  PI(3,5)P 2  , which are in 
turn generated by dephosphorylation of PI(3,4,5)P  3 .  This  model 
predicts that the level of PI(3,4,5)P  3   would be higher in cells in-
fected with the   sopB   mutant. This prediction was not supported 
by the detailed HPLC analysis. As shown in   Fig. 2 E  , the accu-
mulation of PI(3,4,5)P  3   in infected cells was in fact obliterated 
by omission of SopB. Consistent with this, we observed recruit-
ment of PH(Akt)-GFP to invasion ruffl  es in cells infected by 
WT bacteria (  Fig. 2 F   and Video 4, available at http://www.jcb
.org/cgi/content/full/jcb.200804131/DC1) but not in   sopB  
mutant  –  infected cells (  Fig. 2 G   and Video 5). Analysis of infected 
cells by live imaging revealed that 100% of WT-infected cells 
(50 ruffl  es analyzed in three separate experiments) had recruit-
ment of PH(Akt)-GFP to invasion ruffl  es, whereas 0% (19 in 
four separate experiments) of the   sopB   mutant – infected  cells 
did so. These fi  ndings indicate a strict requirement of SopB for 
the accumulation of PI(3,4)P  2   and/or PI(3,4,5)P  3   at invasion ruf-
fl  es. Together, our analysis reveals that SopB initiates two dis-
cernible signaling events during   S .   typhimurium   infection:  (1) 
the generation of PI3-kinase products PI(3,4)P  2   and PI(3,4,5)P  3  
at invasion ruffl  es and (2) the formation of PI(3)P on SCVs. 
  PI(3)P localization to the SCV is sensitive 
to pharmacologic inhibitors of PI3-kinase, 
but PI(3,4)P  2   and PI(3,4,5)P  3   production 
at invasion rufﬂ  es is not 
  We were intrigued by the observation that SopB is required for 
the formation of PI(3,4)P  2   and  PI(3,4,5)P 3 .  The  fi  nding that a 
a separate peak containing PI(4)P and/or PI(5)P, hereafter referred 
to as PI(4/5)P. As shown in   Fig. 2 A  , PI(4/5)P constitutes the vast 
majority (  >  90%) of the PIP present in control (uninfected) cells, 
with comparatively very low levels of PI(3)P. Contrary to our ex-
pectation, PI(3)P increased only modestly after infection by WT 
bacteria (  Fig. 2, A and B  ), whereas PI(4/5)P increased markedly 
( Fig. 2 A ). The increase in PI(4/5)P was observed in cells infected 
with WT bacteria but not the   sopB   mutant and was accompanied 
by a commensurate decrease in PI(4,5)P  2  , supporting our earlier 
contention that SopB dephosphorylates the latter at the 4     and/or 
5     position (  Terebiznik et al., 2002  ;   Mason et al., 2007  ). 
  The absolute change in PI(4/5)P measured by HPLC, cal-
culated as a percentage of PI that is generally considered to be 
invariant, was   >  10-fold greater than that of PI(3)P. These fi  nd-
ings imply that the ESI-MS data obtained by   Hernandez et al. 
(2004)   refl  ect primarily the changes in PI(4/5)P and not those in 
PI(3)P. In addition, the bulk of the decrease in PIP  2   was attribut-
able to degradation of PI(4,5)P  2   and not PI(3,4)P  2   or PI(3,5)P  2  
(  Fig. 2, A, C, and D  ), as implied by   Hernandez et al. (2004)  . 
In fact, the content of PI(3,4)P  2   increased severalfold upon infec-
tion ( Fig. 2 D ), whereas that of PI(3,5)P  2  was invariant ( Fig. 2 C ). 
Therefore, the loss of PIP  2   reported by ESI-MS cannot be con-
strued as evidence in favor of the formation of PI(3)P by SopB-
mediated dephosphorylation of PI(3,4)P  2   and/or  PI(3,5)P 2 . 
  SopB mediates PI(3,4)P  2   and PI(3,4,5)P  3   
production at the plasma membrane during 
  Salmonella   invasion 
  In view of these apparent inconsistencies, we analyzed the ori-
gin of the changes in 3    -phosphoinositides in more detail. Cells 
infected with WT bacteria displayed a signifi  cant increase in the 
  Figure 1.       SopB is required for PI(3)P localiza-
tion to SCVs and an elevation of cellular PIP.   
(A and B) Cells were transfected with 2FYVE-
GFP and infected with WT   S. typhimurium   (A) 
or a   sopb   deletion mutant (B). Left panels indi-
cate 2FYVE-GFP relative to the RFP-expressing 
bacteria (red) in the merged images in the right 
panels. Insets are enlarged from the indicated 
areas (dashed boxes). Cells were analyzed using 
confocal microscopy. These images correspond 
to   <  15 min of infection. (C) Cells were cotrans-
fected with PH(Akt)-RFP and 2FYVE-GFP before 
infection by WT   S  .   typhimurium  . Images were 
acquired at 1-min intervals. The time after infection 
of each frame is indicated. Insets are enlarged 
from the dashed boxes. Bars, 10   μ  m. (D) Cells 
were transfected with 2FYVE-GFP, infected with 
WT or   sopB   mutant, and analyzed as in A and B. 
Images were acquired at 1-min intervals for at 
least 1 h. Colocalization of the RFP-expressing 
bacteria with 2FYVE-GFP during the course of 
infection is shown. Data are means   ±   SEM of 
four separate experiments for WT bacteria (137 
SCVs analyzed) and three separate experiments 
for   sopB   mutant (76 SCVs analyzed). (E) Phos-
phoinositide levels were quantiﬁ  ed before (con-
trol) and after infection with either WT or   sopB   
mutant. Lipids were extracted and analyzed by 
HPLC. The amount of the phosphoinositides is 
given as the percentage of PI in the same sample. 
PIP refers to the sum of PIPs. PIP  2   refers to the sum 
of PIP  2  s. Data are means   ±   SEM of ﬁ  ve separate 
experiments. The p-values are shown.     JCB • VOLUME 182 • NUMBER 4 • 2008  744
are not involved in the SopB-dependent production of PI(3,4)P  2  
and PI(3,4,5)P  3  . The mechanism of PI3-kinase activation by 
SopB or its products is the subject of ongoing investigation. 
  In contrast to the formation of PI(3,4)P  2   and PI(3,4,5)P  3 , 
LY294002 treatment completely blocked the recruitment of 
2FYVE-GFP to SCVs (  Fig. 3 D   and Video 6, available at 
http://www.jcb.org/cgi/content/full/jcb.200804131/DC1), which 
is consistent with previous observations (  Scott et al., 2002  ). 
LY294002 treatment also blocked the increase in cellular PI(3)P 
levels measured by HPLC ( Fig. 3 E ). Similar results were obtained 
in wortmannin-treated cells (unpublished data). These fi  ndings 
suggest that PI(3)P generation on SCVs may be independent of 
PI(3,4)P  2   and PI(3,4,5)P  3   production at invasion ruffl  es during 
  S .   typhimurium   infection. 
  PI(3)P localization to the SCV is not 
dependent on PI(3,4)P  2   and PI(3,4,5)P  3   
production at invasion rufﬂ  es 
  Because pharmacologic inhibitors did not affect the SopB-
dependent generation of PI(3,4)P  2   and PI(3,4,5)P  3   at the plasma 
membrane, we used an alternative strategy to test the role of 
these lipids in PI(3)P formation. We hypothesized that depletion 
of PI(4,5)P  2  , the substrate of PI3-kinases at the plasma membrane 
(  Anderson and Jackson, 2003  ;   Lindmo and Stenmark, 2006  ), 
bacterial phosphatase can lead to the accumulation of PI3-kinase 
products is remarkable but not without precedent:   Niebuhr et al. 
(2002)   reported that IpgD, a type III secreted effector expressed 
by   Shigella fl  exneri   with homology to SopB, is required for the 
accumulation of PI3-kinase products during   S. fl  exneri   invasion. 
These authors proposed that the phosphatase activity of IpgD 
leads to the activation of class I PI3-kinase at the plasma mem-
brane (  Pendaries et al., 2006  ). To determine whether SopB 
is similarly mediating the activation of class I PI3-kinases, we 
treated cells with two pharmacologic inhibitors of these enzymes, 
LY294002 and wortmannin (  Vlahos et al., 1994  ;   Woscholski et al., 
1994  ). Remarkably, treatment of cells with LY294002 had no ef-
fect on recruitment of PH(Akt)-GFP to invasion ruffl  es (  Fig. 3 A  ). 
[ID]FIG3[/ID]  
Analysis of infected cells by live imaging revealed that 100% of 
WT infected cells (49 ruffl  es analyzed in three separate experi-
ments) had recruitment of PH(Akt)-GFP to invasion ruffl  es 
in the presence of LY294002. Similar results were obtained in 
wortmannin-treated cells (unpublished data). In agreement with 
the fl  uorescence data, analysis of lipid content by HPLC revealed 
that LY294002 had little effect on the generation of PI(3,4)P  2  
(  Fig. 3 B  ) and PI(3,4,5)P  3   (  Fig. 3 C  ). Class I PI3-kinases are sen-
sitive to wortmannin/LY294002, and independent experiments 
verifi  ed that the concentrations used were suffi  cient to impair 
these enzymes. We therefore concluded that class I PI3-kinases 
  Figure 2.      SopB mediates PI3-kinase activation 
at the plasma membrane during   Salmonella   
invasion.   (A) Lipids were extracted and ana-
lyzed by HPLC. The amount of phosphoinosi-
tides is given as the percentage of PI in the same 
sample. PI(4/5)P refers to the sum of PI(4)P 
and PI(5)P. (B  –  E) Insets are provided (arrows) 
for each 3    -phosphorylated phosphoinositide. 
Data are means   ±   SEM of ﬁ   ve separate ex-
periments. Levels of signiﬁ  cance are indicated 
by p-values. (F and G) Cells were transfected 
with PH(Akt)-GFP and infected with WT (F) or 
sopB mutant (G). Cells were analyzed using 
confocal microscopy. Left panels indicate the 
PH(Akt)-GFP localization relative to the RFP- 
expressing bacteria (red) in the merged images 
in the right panels. Insets are enlarged from 
dashed boxes. These images correspond to 
  <  15 min of infection. Bars, 10   μ  m.     745 V  PS  34 SYNTHESIZES PI(3)P ON   SALMONELLA   VACUOLES   • Mallo et al. 
class III PI3-kinase (  Vieira et al., 2001  ;   Shin et al., 2005  ). Because 
our results were not compatible with the earlier notion that 
PI(3)P is generated in the SCV by dephosphorylation of PI(3,4)P  2   
and/or PI(3,4,5)P  3  , we considered the possible role of Vps34 in 
vacuolar PI(3)P generation. To examine this possibility, we used 
siRNA to silence the expression of Vps34. As shown in   Fig. 5 A  , 
an almost complete inhibition of Vps34 expression was achieved 
with targeted siRNA, whereas control siRNA had no effect 
( Fig.  5  A ). 
[ID]FIG5[/ID]  Next, we infected cells with WT bacteria and ana-
lyzed PI3-kinase products using fl  uorescent probes. Cells treated 
with control siRNA displayed normal recruitment of PH(Akt)-
GFP to invasion ruffl  es (  Fig. 5 B  ) and 2FYVE-GFP to the SCV 
(  Fig. 5 D  ). Treatment of cells with Vps34 siRNA had no effect 
on PH(Akt)-GFP recruitment to invasion ruffl  es (  Fig. 5 C  ). 
However, the recruitment of 2FYVE-GFP to the SCV was abol-
ished in cells depleted of Vps34 (  Fig. 5, E and F  ). These fi  nd-
ings demonstrate that PI(3)P formation on the SCV is dependent 
on the expression of Vps34. 
  Rab5 recruitment to the SCV is 
SopB dependent 
  In early endosomes and phagosomes, Vps34 binds to and is 
seemingly activated by GTP-bound (active) Rab5 (  Christoforidis 
et al., 1999  ). Accordingly, Rab5 is known to promote formation 
of PI(3)P on endosomes (  Shin et al., 2005  ) and phagosomes 
(  Vieira et al., 2001  ). Previous observations have demonstrated 
the presence of Rab5 on SCVs and its requirement for normal 
SCV maturation (  Steele-Mortimer et al., 1999  ;   Baldeon et al., 
2001  ;   Scott et al., 2002  ;   Smith et al., 2007  ). We therefore won-
dered whether a Rab5-dependent pathway also contributes to 
the production of PI(3)P on the SCV and whether SopB is in-
volved in this process. To test this possibility, we visualized the 
dynamics of Rab5 recruitment to the SCV during infection. 
Cells were transfected with GFP-Rab5A, subjected to infection, 
would block the formation of PI(3,4,5)P  3   and  PI(3,4)P 2 .  For 
these experiments, we transfected cells with the catalytic domain 
of synaptojanin-2, a mammalian 5-phosphatase that selectively 
dephosphorylates PI(4,5)P  2   to generate PI(4)P (  Malecz et al., 
2000  ;   Rusk et al., 2003  ). This construct contained a carboxyl-
terminal CAAX motif to target synaptojanin-2 to the plasma 
membrane and promote its activity at this subcellular location 
(  Fig. 4 B  , arrowheads). 
[ID]FIG4[/ID]  To detect PI(4,5)P  2   at the plasma mem-
brane, we transfected cells with a construct encoding the PH 
domain of phospholipase C     fused to RFP (PH(PLC   )-RFP). 
In the absence of synaptojanin-2, the PH(PLC    )-RFP probe was 
localized to the plasma membrane (  Fig. 4 A  ), as previously de-
scribed (  Varnai and Balla, 1998  ). However, upon cotransfection 
with synaptojanin-2  –  CAAX, PH(PLC    )-RFP was displaced to 
the cytosol, indicating that PI(4,5)P  2   was successfully depleted 
from the plasma membrane (  Fig. 4, C and G  ). 
  After depletion of PI(4,5)P  2  , cells were infected with WT 
  S.    typhimurium  , and the synthesis of PI3-kinase products was 
examined. As expected, cells expressing synaptojanin-2 – CAAX 
did not recruit PH(Akt)-GFP to invasion ruffl  es (  Fig. 4, D  –  F  ). 
This demonstrates that depletion of PI(4,5)P  2  effectively blocked 
the generation of PI(3,4)P  2   and/or PI(3,4,5)P  3   at the plasma 
membrane. Remarkably, 2FYVE-GFP recruitment to the SCV 
persisted in PI(4,5)P  2  -depleted cells (  Fig. 4, H  –  J  ). These results 
demonstrate that the production of PI(3,4)P  2   and/or PI(3,4,5)P  3  
at invasion ruffl  es is not essential for the production of PI(3)P 
on the SCV and suggest that SopB-mediated dephosphorylation 
of PI3-kinase products is not the main pathway for the genera-
tion of PI(3)P on the SCV. 
  Vps34 expression is required for PI(3)P 
localization to the SCV 
  The main pathway for the formation of PI(3)P on endosomes 
and early phagosomes is via phosphorylation of PI by Vps34, a 
  Figure 3.       PI(3)P formation on the SCV is sensitive to pharma-
cologic inhibitors of PI3-kinase, but PI(3,4)P  2   and PI(3,4,5)P  3   
production at invasion rufﬂ  es is not.   (A) Cells were transfected 
with PH(Akt)-GFP and infected with WT   S  .   typhimurium   in the 
presence of LY294002. (B, C, and E) Phosphoinositide levels 
were quantiﬁ  ed by HPLC in control cells and after infection 
with WT in the absence or presence of LY294002, as indi-
cated. The amount of PI(3,4)P  2   (B), PI(3,4,5)P  3   (C), and PI(3)P 
(E) is given as the percentage of PI in the same sample. 
(D) Cells were transfected with 2FYVE-GFP and infected with 
WT in the presence of LY294002. The inset is enlarged from the 
indicated area (dashed box). Data in B, C, and E are means   ±   
SEM of ﬁ  ve separate experiments. Levels of signiﬁ  cance are 
indicated by p- values. Cells in A and D were analyzed by 
confocal microscopy and correspond to   <  15 min of infection. 
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Rab5 recruitment was largely unaffected in cells infected with 
  sopE   and   sopE2 -defi  cient bacteria (  Fig. 6 C  ). This mutant is 
partially defective for invasion (  Zhou et al., 2001  ), suggesting 
that invasion effi  ciency does not infl  uence Rab5 recruitment. 
  We examined the fate of Rab5 in live cells during the course 
of infection with the   sopB -defi  cient bacteria using spinning disk 
confocal microscopy (  Fig. 6 B  , bottom; and Video 8, available 
at http://www.jcb.org/cgi/content/full/jcb.200804131/DC1). 
As expected, Rab5-positive vesicles did not fuse with SCVs 
containing this mutant. However, we routinely observed a close 
association of these vesicles with SCVs containing the   sopB  
mutant. Rab5-bearing vesicles appeared to dock with these 
SCVs for extended periods of time but failed to fuse with them 
(  Fig. 6 B  , arrows). Our data suggest that docking of Rab5-positive 
vesicles to the SCV precedes a fusion step catalyzed by the phos-
phatase activity of SopB. 
  Rab5 expression is required for PI(3)P 
localization to the SCV 
  There are three Rab5 proteins expressed in mammalian cells: 
Rab5A, Rab5B, and Rab5C. A previous study demonstrated 
that the three Rab5 isoforms share similar subcellular localiza-
tion and regulatory functions in the early endocytic pathway 
(  Bucci et al., 1995  ). These Rab5 isoforms are thought to be at 
fi  xed, and differentially stained for the identifi  cation of intra-
cellular bacteria (see Materials and methods). The localization of 
GFP-Rab5A with respect to the intracellular bacteria was then 
determined microscopically. As shown in   Fig. 6 A  , Rab5 asso-
ciation with SCVs was maximal     10 min after infection and 
declined thereafter. 
[ID]FIG6[/ID]  To further examine the dynamics of Rab5 
recruitment to SCVs, we monitored live cells by spinning disk 
confocal microscopy (  Fig. 6 B  , top; and Video 7, available 
at http://www.jcb.org/cgi/content/full/jcb.200804131/DC1). 
We observed rapid delivery of Rab5 to the SCV, occurring within 
as little as 1 min of vacuole formation. Rab5 delivery appeared 
to occur largely via fusion of the SCV with Rab5-containing 
vesicles (  Fig. 6 B  , arrowheads). Although it is possible that sol-
uble Rab5 is recruited to the SCV from the cytosol, our image 
analysis suggests that this potential contribution is minimal. 
  To test the role of SopB in Rab5 recruitment to the SCV, 
we infected cells with the   sopB- defi  cient mutant. Remarkably, 
deletion of   sopB   impaired recruitment of Rab5 (  Fig. 6, A and C  ). 
Transformation of the   sopb   deletion mutant with WT   sopB   on a 
plasmid (p  sopB  ) was suffi  cient to complement Rab5 recruit-
ment to SCVs (  Fig. 6, A and C  ). In contrast, expression of the 
catalytically inactive mutant of SopB (C462S) did not comple-
ment the   sopb   deletion mutant (  Fig. 6 C  ), showing that its phos-
phatase activity is important for Rab5 recruitment to the SCV. 
  Figure 4.       PI(3)P formation on the SCV is not 
dependent on PI(3,4)P  2   and PI(3,4,5)P  3   produc-
tion at invasion rufﬂ  es.   (A and B) Localization 
of PH(PLC    )-RFP (A) and synaptojanin-2  –  CAAX 
construct (B) in control cells. Arrowheads indicate 
plasma membrane localization of synaptojanin-2  – 
CAAX construct. (C  –  F) Cells were cotransfected 
with synaptojanin-2  –  CAAX, PH(PLC    )-RFP (C), 
and PH(Akt)-GFP (D). (E) Merged image show-
ing localization of bacteria (labeled with Alexa 
Fluor 647) relative to signal for PH(Akt)-GFP. 
(F) Cells were cotransfected as in C  –  E, infected 
with WT   S  .   typhimurium  , and analyzed by 
confocal microscopy. Images were acquired 
at 1-min intervals for     1 h. Colocalization of 
the bacteria with PH(Akt)-GFP during infection 
is shown. As a control, cells were cotransfected 
with PH(PLC    )-RFP and PH(Akt)-GFP but not syn-
aptojanin-2  –  CAAX. Data are means   ±   SEM of 
three separate experiments for synaptojanin-2  – 
CAAX-expressing cells (20 rufﬂ  es analyzed) 
and two separate experiments for control cells 
(13 rufﬂ  es analyzed). The p-value is shown. 
(G  –  J) Cells were cotransfected with synaptojanin-
2  –  CAAX, PH(PLC    )-RFP (G), and 2FYVE-GFP 
(H). (I) Merged image showing localization of 
bacteria (labeled with Alexa Fluor 647) relative 
to signal for 2FYVE-GFP. Insets are enlarged from 
dashed boxes. (J) Cells were cotransfected as in 
G  –  I, infected with WT bacteria, and analyzed 
by confocal microscopy. Images were acquired 
at 1-min intervals for at least 1 h. Colocalization 
of the bacteria with 2FYVE-GFP during infection 
is shown. As a control, cells were cotransfected 
with PH(PLC    )-RFP and 2FYVE-GFP but not syn-
aptojanin-2  –  CAAX. Data are means   ±   SEM of 
three separate experiments for synaptojanin-2  –
  CAAX- expressing cells (111 SCVs analyzed) 
and two separate experiments for control cells 
(44 SCVs analyzed). The p-value is shown. 
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tagged proteins in lysates from transfected cells (  Fig. 7 A  ) and 
the endogenous protein in cell lysates (  Fig. 7, B and C  ). 
[ID]FIG7[/ID]  Treat-
ment with Rab5A siRNA eliminated expression of this isoform 
(  Fig. 7 B  ) but did not affect expression of Rab5B (  Fig. 7 C  ). 
Similarly, Rab5B siRNA blocked expression of this isoform 
(  Fig. 7 C  ) but did not affect expression of Rab5A (  Fig. 7 B  ). 
Rab5C siRNA did not affect expression of either Rab5A or 
Rab5B. This demonstrates the isoform specifi  city of the indi-
vidual siRNAs. When cells were treated with the three siRNAs 
pooled together, Rab5A (  Fig. 7 B  ) and Rab5B (  Fig. 7 C  ) ex-
pression was depressed by   ≥  90%. We were unable to verify the 
silencing of Rab5C because the commercially available Rab5C 
antibody failed to detect endogenous Rab5C and even hetero-
logously overexpressed GFP-tagged Rab5C (unpublished data). 
  Next, cells were treated with control siRNA or the Rab5 
siRNA pool, and PI(3)P was visualized using the 2FYVE-GFP 
probe. In control cells, 2FYVE-GFP localized to the cytosol and 
endosomes. As expected, depletion of all three Rab5 isoforms 
caused a loss of endosomal 2FYVE-GFP, as did depletion of 
Vps34 (unpublished data). Depletion of Rab5 isoforms also 
caused a marked decrease in the association of 2FYVE-GFP 
with the SCV (  Fig. 7 D  ). Together, these fi  ndings demonstrate 
that, as in endosomes, Rab5 is involved in PI(3)P acquisition by 
the SCV. 
  Depletion of PI(4,5)P  2   partially 
complements Rab5 and PI(3)P localization 
to   sopB   mutant SCVs 
  We proceeded to explore the mechanism by which SopB mediates 
Rab5 recruitment to the SCV. The data in   Fig. 6 C   suggested 
that the phosphatase activity of SopB is essential for Rab5 re-
cruitment. Because the major substrate of SopB in host cells is 
PI(4,5)P  2   (  Fig. 2 A  ), we hypothesized that dephosphorylation of 
this lipid may mediate the effects of the phosphatase on Rab5 
recruitment and PI(3)P formation. If this were indeed the case, 
depletion of PI(4,5)P  2   by other means should complement Rab5 
recruitment to SCVs formed by   sopB -defi  cient bacteria. To test 
this possibility, we transfected cells with synaptojanin-2 – CAAX 
to dephosphorylate PI(4,5)P  2   as in   Fig. 4  . Cotransfection with 
the PH(PLC    )-RFP probe confi  rmed that the construct effec-
tively depleted PI(4,5)P  2   from the plasma membrane. After de-
pletion of PI(4,5)P  2  , cells were infected with   S.    typhimurium , 
and the colocalization of SCVs with GFP-Rab5A was determined. 
As shown in   Fig. 8 A  , depletion of PI(4,5)P  2   caused a signifi  cant 
increase in the association of Rab5 with SCVs containing   sopB -
defi  cient bacteria. 
[ID]FIG8[/ID]  
  We also examined the formation of PI(3)P on SCVs under 
conditions in which PI(4,5)P  2   was depleted. To this end, cells 
were cotransfected with synaptojanin-2  –  CAAX, PH(PLC   )-RFP, 
and 2FYVE-GFP. Recruitment of the PI(3)P probe to SCVs 
containing   sopB -defi  cient bacteria was partially complemented 
by depletion of plasmalemmal PI(4,5)P  2   (  Fig. 8 B  ), which is in 
agreement with results obtained for Rab5 (  Fig. 8 A  ). These fi  nd-
ings suggest that the recruitment to SCVs of Rab5 and its effec-
tor Vps34 (as indicated by the formation of its product, PI(3)P) 
is mediated, at least in part, by the SopB-mediated dephosphory-
lation of PI(4,5)P  2 . 
least partially redundant because down-regulation of expression 
of any single Rab5 isoform using siRNA has no effect on EGF 
or transferrin internalization, but down-regulation of all three 
isoforms has a signifi  cant effect (  Huang et al., 2004  ). Similarly, 
silencing of all three Rab5 isoforms is required to impair Akt 
activation after insulin treatment (  Su et al., 2006  ). With this in 
mind, we tested the role of Rab5 in PI(3)P synthesis on the SCV 
by silencing expression of all three Rab5 isoforms using siRNA, 
as previously described (  Huang et al., 2004  ). Isoform-specifi  c 
antibodies to Rab5A and Rab5B detected their respective GFP-
  Figure 5.       Vps34 expression is required for PI(3)P formation on the SCV.   
(A) Western blot analysis of HeLa cell lysates. Tubulin expression was as-
sessed as a loading control. (B  –  E) Cells were treated with control (B and D) 
or Vps34 (C and E) siRNA before transfection with either PH(Akt)-GFP 
(B and C) or 2FYVE-GFP (D and E). Cells were then infected with WT bacteria 
(  Salmonella-  RFP) and analyzed by confocal microscopy. Insets in D and E 
are enlarged from dashed boxes. These images correspond to   <  15 min of 
infection. Bars, 10   μ  m. (F) Cells were treated with control or Vps34 siRNA 
and infected with WT bacteria expressing RFP. Infected cells were analyzed 
using confocal microscopy. Images were acquired at 1-min intervals for 
    1 h. Colocalization of the bacteria with 2FYVE-GFP during infection is 
shown. Data are means   ±   SEM of four separate experiments for control 
siRNA  –  treated cells (102 SCVs analyzed) and three separate experiments 
for Vps34 siRNA  –  treated cells (170 SCVs analyzed). The p-value is shown.     JCB • VOLUME 182 • NUMBER 4 • 2008  748
PI(3)P is sensitive to wortmannin/LY294002, whereas produc-
tion of PI(3,4)P  2   and  PI(3,4,5)P 3   is not; (3) blocking production 
of PI(3,4)P  2   and  PI(3,4,5)P 3   at invasion ruffl  es using the synapto-
janin-2  –  CAAX construct does not prevent PI(3)P formation at 
SCVs; and (4) expression of Vps34 is essential for the formation 
of PI(3)P on SCVs but not for the accumulation of PI(3,4)P  2  
and PI(3,4,5)P  3   at invasion ruffl  es. It therefore appears unlikely 
that SopB mediates PI(3)P formation by dephosphorylation of 
PI(3,4)P  2   and/or PI(3,4,5)P  3 . 
  Instead, we propose that SopB mediates PI(3)P formation 
on SCVs primarily via phosphorylation of PI by Vps34 (  Fig. 9  , 
pathway 2). This notion is consistent with the wortmannin 
and LY294002 sensitivity of the process and with the inhibitory 
effects of Vps34 siRNA. Furthermore, we suggest that Vps34 
is recruited to the SCV by fusion with Rab5-positive vesicles. 
Rab5 is thought to recruit and/or activate Vps34 on early endo-
somes, and siRNA directed to all three Rab5 isoforms blocked 
PI(3)P localization to SCVs (  Fig. 7 D  ). Little is known about the 
mechanisms that regulate Rab5 recruitment to phagosomes and 
invasion vacuoles. Our analysis revealed that Rab5-containing 
vesicles are recruited to the SCVs in a SopB-dependent manner. 
The phosphatase activity of SopB was required for Rab5 re-
cruitment (  Fig. 6 C  ), suggesting that dephosphorylation of a host 
cell substrate allows endosomes to acquire Rab5. Indeed, we were 
able to partially restore Rab5 recruitment to   sopB -defi  cient SCVs 
by depleting PI(4,5)P  2   with synaptojanin-2, another inositide 
phosphatase. The mechanism whereby PI(4,5)P  2   dephosphory-
lation promotes Rab5 recruitment to SCVs is unclear but may 
involve electrostatic interactions that are known to regulate the 
localization of Rab GTPases (  Heo et al., 2006  ;   Yeung and Grinstein, 
2007  ;   Yeung et al., 2008  ). The negative surface charge contrib-
uted by PI(4,5)P  2  , a tetravalent anion at physiological pH, may 
preclude Rab5 recruitment to endosomes/phagosomes. In sup-
port of this notion, we observed that masking the headgroups 
of PI(4,5)P  2   could partially complement PI(3)P localization to 
  sopB -defi  cient SCVs (  Fig. 8 B  ). Together, our fi  ndings reveal a 
link between phosphoinositide phosphatase activity and the recruit-
ment of Rab5 to phagosomes. 
  In principle, SopB could be acting through its ability to 
reduce PI(4,5)P  2   levels or by generation of its hydrolysis pro-
ducts, PI(4/5)P. To differentiate these possibilities, we sought to 
reduce the concentration of available PI(4,5)P  2   without generat-
ing PI(4)P or PI(5)P. This was accomplished by transfecting 
cells with a construct bearing two tandem PH domains of phos-
pholipase C     fused to GFP (2PH(PLC   )-GFP).  This  construct 
has an enhanced avidity for PI(4,5)P  2   compared with the single 
PH domain probe and, when overexpressed, can mask a signifi  -
cant fraction of the phosphoinositide at the plasma membrane 
(  Mason et al., 2007  ). As an indicator of Vps34 recruitment to 
SCVs, PI(3)P was visualized by cotransfecting the cells with a 
construct bearing the PX domain of p40 
phox   fused to mCherry 
(PX-mCherry). As shown in   Fig. 8 B  , expression of 2PH(PLC   )-
GFP caused a significant increase in PI(3)P localization to 
SCVs formed by   sopB -defi  cient bacteria. In fact, PI(3)P accu-
mulation was not signifi  cantly different in SCVs containing 
WT or   sopB -defi  cient bacteria. Thus, diminution of available 
PI(4,5)P  2   without concomitant generation of PI(4)P or PI(5)P 
mimics the effects of SopB and synaptojanin-2. These data sug-
gest that a localized decrease in PI(4,5)P  2  , rather than the accu-
mulation of the products of its hydrolysis, is critical for the 
SopB-mediated recruitment of Rab5 and subsequent generation 
of PI(3)P on SCVs. 
  Discussion 
  In the present study, we confi  rmed the fi  ndings of   Hernandez 
et al. (2004) , demonstrating that SopB is required for the generation 
of PI(3)P on SCVs. Based on their observations, these authors 
concluded that SopB generates PI(3)P via the dephosphorylation 
of polyphosphorylated products of PI3-kinase (  Fig. 9  , pathway 1; 
  Hernandez et al., 2004  ;   Dukes et al., 2006  ). 
[ID]FIG9[/ID]  However, multiple 
lines of evidence presented here suggest that this model does not 
fully account for the mechanism by which SopB activity leads to 
PI(3)P formation on the SCV: (1) the main PIP isomer formed 
during infection is PI(4/5)P, not PI3P as surmised from ESI-MS 
determinations (  Hernandez et al., 2004  ); (2) the production of 
  Figure 6.       Rab5 recruitment to the SCV requires the phospha-
tase activity of SopB.   (A) Cells expressing Rab5A-GFP were 
infected for designated times and were ﬁ  xed and stained for 
bacteria. Colocalization of Rab5A-GFP with intracellular bac-
teria was quantiﬁ  ed. Data are means   ±   SEM of three separate 
experiments. Levels of signiﬁ  cance are indicated by p-values 
compared with WT-infected cells. (B) Cells were transfected 
with Rab5A-GFP and infected with WT bacteria (WT-RFP, top) 
or an   sopB   mutant expressing RFP (  sopB-  RFP, bottom  )  . Live im-
aging was performed on a spinning disk confocal microscope. 
Total sequence time for both series is     3 min. Arrowheads in-
dicate Rab5A 
+   endosomes that dock and fuse with WT SCVs. 
Arrows indicate Rab5A 
+   endosomes that dock but do not fuse 
with   sopB   SCVs. Bar, 2.5   μ  m. (C) Cells were transfected with 
Rab5A-GFP and infected with either WT or   sopB  -deﬁ  cient bac-
teria. In parallel, cells were infected with   sopB   mutant bacteria 
expressing either WT   sopB   (  sopB   + p  sopB  ) or a catalytically 
inactive mutant (  sopB   + p  sopB  [C462S]) on a plasmid. A mutant 
lacking   sopE   and   sopE2   was also analyzed. At 10-min after 
infection, infected cells were ﬁ  xed and stained as in A. Co-
localization of Rab5A-GFP with intracellular bacteria was 
quantiﬁ  ed. Data are means   ±   SEM of three separate experi-
ments. The p-values are shown.     749 V  PS  34 SYNTHESIZES PI(3)P ON   SALMONELLA   VACUOLES   • Mallo et al. 
  An unexpected fi  nding was the observation that SopB me-
diates the accumulation of PI(3,4)P  2   and PI(3,4,5)P  3   at  invasion 
ruffl  es (  Fig. 2, F and G  ; and   Fig. 9  , pathway 3). How might 
SopB lead to the accumulation of these lipids? This effector can 
effi  ciently dephosphorylate a wide variety of phosphoinositides 
and inositol phosphates in vitro (  Norris et al., 1998  ;   Marcus 
et al., 2001  ). Recent evidence suggests that the main phosphoinos-
itide substrate of SopB in vivo is PI(4,5)P  2   ( Fig.  2 A ;   Terebiznik 
et al., 2002  ;   Mason et al., 2007  ) and that SopB generates PI(5)P 
(  Mason et al., 2007  ). It is possible that this rare phosphoinos-
itide leads to the activation of a PI3-kinase at invasion ruffl  es. 
Indeed, an important role for PI(5)P in intracellular signaling 
was recently suggested by   Pendaries et al. (2006)  . These au-
thors demonstrated that PI(5)P generation by IpgD is suffi  cient 
to activate class I PI3-kinase at the plasma membrane ( Pendaries 
et al., 2006  ). Here we show that SopB is similarly involved in 
the generation of PI3-kinase products. However, the fact that 
  Figure 7.       Rab5 expression is required for PI(3)P localization to the SCV.   
(A) Cells were transfected with GFP-tagged Rab5A, Rab5B, or Rab5C 
as indicated. Cell lysates were then immunoblotted for either Rab5A or 
Rab5B. (B) Cells were treated with siRNA to the indicated Rab5 isoform, 
all three Rab5 isoforms (Pool), or control siRNA that does not affect Rab5 
expression. Cell lysates were immunoblotted for Rab5A or tubulin (loading 
control). (C) Samples from B were immunoblotted for Rab5B or tubulin. 
(D) Cells were treated with either control siRNA or Rab5 Pool siRNA and 
transfected with 2FYVE-GFP. Cells were then infected with either WT or 
  sopb   mutant bacteria, ﬁ  xed at 10-min after infection, and stained for bac-
teria. Intracellular bacteria colocalizing with 2FYVE-GFP was then quanti-
ﬁ  ed. Data are means   ±   SEM of three separate experiments (  >  100 bacteria 
analyzed per experiment). The p-value is shown.     
  Figure 8.       Depletion of PI(4,5)P  2   partially complements Rab5 and PI(3)P 
localization to   sopB   mutant SCVs.   (A) Cells were cotransfected with 
Rab5A-GFP and PH(PLC    )-RFP or synaptojanin-2  –  CAAX, PH(PLC    )-RFP, 
and Rab5A-GFP as indicated. Cells were then infected with either WT or 
  sopB   mutant expressing RFP, ﬁ  xed at 10-min after infection, and stained for 
extracellular bacteria. Intracellular bacteria colocalizing with Rab5A-GFP 
was then determined by microscopic analysis. Data are means   ±   SEM 
of three separate experiments (  >  100 bacteria analyzed per experiment). 
(B) Cells were transfected with the indicated construct and then infected 
with either WT or   sopB   mutant labeled covalently with Alexa Fluor 647. 
Infected cells were analyzed using a spinning disk confocal microscope. 
Images were acquired at 1-min intervals for     1 h. Localization of PI(3)P to 
SCVs (colocalization with 2FYVE-GFP or PX-mCherry) during the course of 
infection is shown. Data are means   ±   SEM of three separate experiments 
for WT- (94 SCVs analyzed) or   sopB   mutant  –   (68 SCVs analyzed) infected 
cells expressing 2FYVE-GFP. Five separate experiments were analyzed for 
  sopb   mutant  –  infected cells expressing synaptojanin 2-CAAX, PH(PLC    )-RFP, 
and 2FYVE-GFP (121 SCVs analyzed), and three separate experiments 
were analyzed for   sopb   mutant  –  infected cells expressing 2PH(PLC    )-GFP 
and PX-mCherry-GFP (120 SCVs analyzed). The p-values are shown.     
wortmannin and LY294002 did not affect the formation of 
PI(3,4)P  2   and PI(3,4,5)P  3   during   S.    typhimurium   infection  im-
plies that this is not the result of activation of class I PI3-kinases, 
which are sensitive to these agents. It is possible that members 
of the class II family of PI3-kinases, which are least sensitive to 
pharmacologic inhibition (  Falasca et al., 2007  ), mediate PI(3,4)P  2   
and PI(3,4,5)P  3   generation during infection. These findings 
sug  gest a potential difference in the mechanisms used by   S.    ty-
phimurium   and   S. fl  exneri   to invade host cells. 
  An alternative mechanism of action of PI(5)P is sug-
gested by the work of   Carricaburu et al. (2003)  , who found that 
accumulation of PI(3,4,5)P  3   is antagonized by type II PI(5)P 
4-kinase. These data were interpreted to mean that PI(5)P pro-
motes the accumulation PI(3,4,5)P  3   by exerting an inhibition on 
polyphosphoinositide phosphatases. In support of this hypoth-
esis, PI(5)P was reported to exert an inhibitory effect on the 
PI(3,4,5)P  3   5-phosphatase activity of SHIP2 (  Pendaries et al., 
2006)  . Thus, the marked accumulation of PI(5)P induced by 
SopB may result in inhibition of the phosphatases that normally 
eliminate the products of constitutively active PI3-kinases, per-
haps those members of the class II family that are least sensitive 
to pharmacologic inhibition. JCB • VOLUME 182 • NUMBER 4 • 2008  750
  Cell culture and bacterial infection 
  HeLa cells were maintained in DME with 10% FBS, transfected with 
FuGene 6 (Roche) according to the manufacturer  ’  s instructions, and used 
between 12 and 16 h after transfection. Where indicated, cells were 
pretreated for 45 min with either 100   μ  M LY294002 (EMD) or 100 nM 
wortmannin (Sigma-Aldrich), and the drug was maintained in the medium 
for the duration of the experiment. Late-log   S.     typhimurium   cultures used 
to infect cells were prepared as described previously (  Steele-Mortimer 
et al., 1999  ). To label bacteria for live imaging experiments, bacterial 
cultures were washed three times with PBS with calcium and magnesium 
(PBS 
2+  ; by centrifugation at 10,000 rpm for 45 s) and resuspended in 
PBS 
2+   containing 25   μ  g/ml Alexa Fluor 647 carboxylic acid and succin-
imidyl ester dye (Invitrogen). The bacterial suspension was incubated in 
a shaking incubator for 5 min at 37  °  C. Bacteria were then washed once 
with PBS 
2+  , resuspended in RPMI 1640, and used immediately for inva-
sion of live HeLa cells. 
  Lipid extraction and phosphoinositide analysis 
  Lipid labeling and extraction were performed essentially as described pre-
viously (  Carricaburu et al., 2003  ). In brief, HeLa cells were labeled with 
20   μ  Ci/ml [ 
3  H]myoinositol for 24  –  48 h in inositol-free medium. After label-
ing, the cells were infected with the indicated strain of   S  .   typhimurium   for 
15 min and immediately lysed in 1 M HCl. Lipids were extracted in chlorofom-
methanol (1:1 vol/vol) and deacylated as described previously (  Serunian 
et al., 1991  ). Deacylated lipids were separated by anion exchange HPLC, 
detected by an online Radiomatic detector (PerkinElmer), and quantiﬁ  ed 
relative to PI using the Pro FSA analysis program. Individual peaks in 
the chromatogram were identiﬁ  ed using in vitro synthesized internal stan-
dard lipids. Data from these experiments are presented in two formats. 
In   Fig. 1 F  , PIP (the sum of PI(3)P, PI(4)P, and PI(5)P) and PIP  2   (the sum of 
PI(3,4)P  2  , PI(3,5)P  2  , and PI(4,5)P  2  ) are presented. In   Fig. 2 A  , all phospho-
inositides are presented separately, and the data for PI(3,4,5)P  3   has 
been included. 
  Immunoﬂ  uorescence 
  For immunoﬂ  uorescence, cells were ﬁ  xed with 2.5% paraformaldehyde in 
PBS for 10 min at 37  °  C. To distinguish between intracellular and extra-
cellular   S.     typhimurium  , extracellular and total bacteria were differentially 
stained as previously described (  Smith et al., 2007  ). Rabbit anti-  Salmo-
nella   (group B) was purchased from Difco Laboratories. Mouse anti-GFP 
was purchased from Invitrogen. Quantiﬁ  cations of colocalization were per-
formed using an epiﬂ   uorescence microscope (DMIRE2; Leica) equipped 
with a 100  ×   oil objective, as previously described (  Smith et al., 2007  ). 
Antibodies to the HA epitope used for the detection of the synaptojanin-2  –
  CAAX construct were purchased from Covance. 
  Confocal microscopy 
  Cells plated on 25-mm coverslips were grown in DME media supplemented 
with serum without any antibiotics. Live samples were analyzed by time-
lapse confocal microscopy using a laser-scanning confocal microscope 
(LSM 510; Carl Zeiss, Inc.). Frames were taken every minute for almost 
60 min; however, all of the ﬁ  gures here include frames from   ≤  15 min after 
infection. GFP, RFP, and far red ﬂ  uorescence were examined using the con-
ventional laser excitation and ﬁ  lter sets. As indicated, live imaging with 
spinning disk was performed on a Quorum confocal microscope (DMIRE2; 
Leica) with Volocity software (Improvision). Z-stack images were acquired 
at     15-s intervals with z steps of 0.5   μ  m with a back-thinned EM-CCD 
camera (Hamamatsu Photonics). Fast iterative deconvolution was per-
formed with Volocity software. Confocal images were imported into Photo-
shop (Adobe) and assembled in Illustrator (Adobe). 
  siRNA oligonucleotides and transfections 
  The siRNA used to inhibit expression of   vps34   (5    -ACUCAACACUGGCU-
AAUUAUU-3    ) was provided by J. Backer (Albert Einstein College of Medi-
cine, New York, NY). Cells were maintained in DME with 10% FBS and 
transfected with Oligofectamine (Invitrogen). siSTABLE nontargeting siRNA 
#1 (Thermo Fisher Scientiﬁ  c) was used as a control. This nontargeting siRNA 
was designed to have comparable guanine-cytosine content to that of the 
Vps34 siRNA but lacks identity with known gene targets. Both siRNAs were 
used at a ﬁ  nal concentration of 200 nM. The cells were infected and used 
for confocal microscopy after 4 d. Where necessary, cells were treated with 
siRNA for 72 h before transfection with PH(Akt)-GFP or 2FYVE-GFP using 
FuGene 6. Cells were used the next day for confocal live studies. 
  The siRNAs used to inhibit expression of   rab5A   (5    -AGGAATCAGT-
GTTGTAGTA-3    ),   rab5B   (5    -GCTATGAACGTGAATGATC-3    ), or   rab5C   
  In summary, SopB appears to regulate different classes 
of PI3-kinases in distinct cellular compartments during   S.    ty-
phimurium   infection. At the invasion ruffl  e, SopB induces the 
accumulation of PI(3,4)P  2   and PI(3,4,5)P  3   by an incompletely 
understood process involving its phosphatase activity. At the 
SCV, SopB promotes the formation of PI(3)P by recruitment of 
Vps34 on fusion with Rab5-positive vesicles. Dephosphory-
lation of PI(4,5)P  2   appears to be the critical event that allows 
Rab5 recruitment to the SCV. The relationship between the 
events occurring at the ruffl  e and SCV and the precise mecha-
nism underlying polyphosphoinositide induction remain incom-
pletely understood and require additional study. 
  Materials and methods 
  DNA constructs and bacteria 
  The vectors pEGFP::AktPH and pEGFP::PLC    PH encode the PH domain of 
Akt (GFP-PH-Akt;   Weernink et al., 2000  ) and the PH domain of PLC     (PH-
PLC    -GFP;   Stauffer et al., 1998  ), respectively. The 2PH(PLC    )-GFP construct 
was made by combining two tandem PH domains of PLC     to GFP and was 
provided by M. Rebecchi (State University of New York, Stony Brook, NY). 
The construct expressing the catalytic domain of synaptojanin-2 with a 
membrane-targeting domain (synaptojanin-2  –  CAAX) was previously de-
scribed (  Malecz et al., 2000  ) and provided by M. Symons (North Shore 
Research Institute, Manhasset, NY). The construct mRFP-PH-Akt was made 
by digestion of GFP-PH-Akt at the XhoI and EcoRI sites followed by subclon-
ing of the fragment into the mRFP-C1 vector using the same sites. PH-PLC    -
mRFP was subcloned in mRFP-N1 by digestion of PH-PLC    -GFP at the XhoI 
and BamHI sites. The plasmids encoding the chimeras of GFP with the tan-
dem FYVE domains (2FYVE-GFP) were described previously (  Vieira et al., 
2001  ). The plasmids encoding the PX domain of p40   
phox     and Rab5A-GFP 
(  Scott et al., 2002  ), Rab5B-GFP, and Rab5C-GFP (  Heo et al., 2006  ) were 
described previously. The mRFP vectors were provided by R. Tsien (Univer-
sity of California at San Diego, La Jolla, CA;   Campbell et al., 2002  ). 
The  source and properties of WT and   sopB  -deﬁ  cient    S.     typhimurium   
SL1344 were described previously (  Hoiseth and Stocker, 1981  ;   Steele-
Mortimer et al., 2000  ). The Cys462Ser mutant of SopB (C462S) was 
described previously (  Marcus et al., 2001  ). WT bacteria expressing mRFP 
(  Birmingham et al., 2006  ) were also used for these studies. 
  Figure 9.       Model of SopB action in host cells during   Salmonella   infec-
tion.   During invasion,   S  .   typhimurium   injects SopB into host cells. At the 
plasma membrane, SopB mediates dephosphorylation of PI(4,5)P  2   to 
generate PI(4/5)P. Through this event, SopB causes the accumulation of 
PI(3,4)P  2   and PI(3,4,5)P  3   at invasion rufﬂ  es by a wortmannin/LY294002-
insensitive mechanism. SopB-mediated dephosphorylation of PI(4,5)P  2   
also allows SCV ﬁ  ssion from the plasma membrane and the recruitment 
of Rab5 to nascent SCVs via their fusion with early endosomes. The Rab5 
effector Vps34 catalyzes phosphorylation of PI to generate PI(3)P on SCVs, 
leading to downstream SCV maturation events such as the recruitment 
of LAMP-1.     751 V  PS  34 SYNTHESIZES PI(3)P ON   SALMONELLA   VACUOLES   • Mallo et al. 
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(5    -CAATGAACGTGAACGAAAT-3    ) were purchased from Thermo Fisher 
Scientiﬁ  c. These siRNAs were previously shown to successfully inhibit ex-
pression of their respective Rab5 isoform by   Huang et al. (2004)  . Cells 
were transfected with 160 nM of an individual siRNA or     50 nM of all 
three isoform-speciﬁ  c siRNAs in the pooled experiments using Oligo-
fectamine. Where necessary, cells were treated with siRNA for 48 h before 
transfection with 2FYVE-GFP using GeneJuice reagent (VWR Scientiﬁ  c). 
  Western blot analysis 
  Samples were separated on 10% SDS-PAGE gels, transferred to poly-
vinylidene ﬂ  uoride membranes, and blocked in 5% milk solution overnight. 
Primary and secondary antibodies were incubated in 5% milk solution 
overnight. Rabbit anti-Vps34 antibodies (provided by J. Backer;   Siddhanta 
et al., 1998  ) were used at a dilution of 1:300. Mouse monoclonal anti-
bodies to Rab5A (1:1,000 dilution) were purchased from BD Transduction 
Laboratories. Rabbit polyclonal antibodies to Rab5B (1:250 dilution) and 
goat polyclonal antibodies to Rab5C were purchased from Santa Cruz 
Biotechnology, Inc. Equal protein loading was conﬁ  rmed by blotting with 
an anti  –      -tubulin monoclonal antibody (1:1,000 dilution; Sigma-Aldrich). 
Horseradish peroxidase  –  conjugated anti  –  rabbit secondary antibody 
(Jackson ImmunoResearch Laboratories) was used at a dilution of 1:1,000. 
The ECL detection system (GE Healthcare) was used according to the man-
ufacturer  ’  s instructions. 
  Statistical analysis 
  Statistical analyses were performed using a two-tailed unpaired   t   test. 
P-values   <  0.05 were considered statistically signiﬁ  cant. 
  Online supplemental material 
  Video 1 shows localization of 2FYVE-GFP during WT   S  .   typhimurium   inva-
sion. Video 2 shows localization of 2FYVE-GFP during infection by an 
  S  .   typhimurium     sopB   deletion mutant. Video 3 shows localization of PH(Akt)-
RFP and 2FYVE-GFP during WT   S  .   typhimurium   invasion. Video 4 shows 
localization of PH(Akt)-GFP during WT   S  .   typhimurium   invasion. Video 5 
shows localization of PH(Akt)-GFP during infection by an   S  .   typhimurium   
  sopB   deletion mutant. Video 6 shows localization of 2FYVE-GFP during in-
vasion by WT   S  .   typhimurium   in the presence of LY294002. Video 7 shows 
localization of Rab5-GFP during WT   S.     typhimurium   invasion. Video 8 
shows localization of Rab5-GFP during infection by an   S  .   typhimurium   
  sopB   deletion mutant. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.200804131/DC1. 
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